Objectives-This study aimed to evaluate the impact of long-term exercise training on the vascularization of rat mammary tumors.
B
reast cancer is one of the most common cancers in both developed and developing countries. According to the World Health Organization, it was responsible for approximately 521,000 deaths worldwide in 2012. 1 Tumor angiogenesis is recognized as a crucial factor for cancer growth and progression. 2, 3 Immunohistochemistry has been widely used in experimental studies to quantify tumor vascularization. 4, 5 However, it can be performed only after tumor excision, and it is substantially affected by variations in methods. [4] [5] [6] [7] Therefore, imaging methods that allow a noninvasive evaluation of tumor vascularization, such as ultrasonography (US), computed tomography, and magnetic resonance imaging, have been extensively used in experimental studies aiming to develop new antiangiogenic strategies. 8, 9 Although computed tomography and magnetic resonance imaging have good spatial resolution and higher accuracy compared with US, these advanced imaging techniques are immovable and much more expansive, which constitute limitations for several research teams. 10 Due to its characteristics, in that it does not impose radiation, 11 allows a dynamic and realtime study, is more adequate for patients with claustrophobia, can be used in patients with pacemakers or other metal implants, and is portable and less expensive compared with other imaging modalities, US has been frequently used in clinical practice. 2, 3 Different US methods, such as Doppler US (color Doppler, power Doppler, and pulsed Doppler), B-flow US, and, more recently, contrast-enhanced US, can be used to visualize and characterize tissue angiogenesis. From these, contrast-enhanced US is considered the most accurate method for visualizing tumor angiogenesis. 12, 13 The impact of lifestyle (diet, smoking, alcohol consumption, and sedentarism) on cancer risk has been extensively studied. 14 The practice of exercise training has been associated with a decreased risk of development of several types of cancer: namely, breast, endometrial, prostate, colon, and lung cancer. [15] [16] [17] It was previously observed by our research team that long-term exercise training reduced the number and malignancy of tumors and increased estrogen receptor expression in mammary tumors that were chemically induced in female rats. 18 This work intended to evaluate the impact of long-term exercise training on the vascularization of mammary tumors chemically induced in a rat model by US using a second-generation contrast agent.
Materials and Methods

Animals
Fifty female Sprague Dawley rats (Rattus norvegicus) aged 4 to 5 weeks were acquired from Harlan Interfauna, Inc (Barcelona, Spain). The animals were placed at the facilities of the University of Tr as-os-Montes and Alto Douro under controlled conditions of temperature (238C 6 28C), humidity (50% 6 10%), air system filtration (10-20 ventilations/h), and a 12-/12-hour light/ dark cycle. They were provided with tap water and a basic standard diet (4RF21; Mucedola SRL, Settimo Milanese, Italy) ad libitum. Cages were cleaned, and water was changed weekly. All procedures were done in accordance with European and national Legislation (European Directive 2010/63/EU and National Decree Law 113/2013). The Portuguese Ethics Committee for Animal Experimentation approved all of the experiments and procedures performed on the animals (Direcção-Geral de Alimentação e Veterin aria; approval No. 008961).
Experimental Protocol
After 1 week of quarantine and 2 weeks of acclimatization to the laboratory conditions, animals were randomly divided into 4 experimental groups: N-methyl-N-nitrosourea (MNU) treated sedentary (n 5 15), MNU treated exercised (n 5 15), control sedentary (n 5 10), and control exercised (n 5 10). Mammary tumor development was induced in animals in both MNU groups (sedentary and exercised) by intraperitoneal administration of the carcinogenic agent MNU (50 mg/kg; Isopac; Sigma Chemical Co, Madrid, Spain) at 7 weeks of age. At the same age, control animals (sedentary and exercised) received an intraperitoneal injection of 0.9% saline. On the day after the MNU or saline injection, the animals in the exercised groups (MNU and control) were acclimated to treadmill running (Treadmill Con- The animals were trained during the 12-hour dark period of the light/dark cycle. Sedentary animals (MNU and control) were handled daily to be exposed to similar stress conditions. Animals were observed daily to check their health status. They were palpated weekly for detection of mammary tumor development.
Ultrasonographic Evaluation
At the end of the protocol, all surviving animals (42 weeks of age) were anesthetized with ketamine (75 mg/ kg; Imalgene 1000; Merial SAS, Lyon, France) and xylazine (10 mg/kg; Rompun 2%; Bayer Healthcare SA, Kiel, Germany), and the mammary tumor vascularization was evaluated by US (power Doppler, B-flow, pulsed Doppler, and contrast-enhanced US). The power Doppler and B-flow analyses were performed as previously described by our research team using a real-time scanner (LOGIQ P6; GE Healthcare, Milwaukee, WI) and a 10-MHz linear transducer. 19, 20 The pulsatility index (PI) and resistive index (RI) were determined on pulsed Doppler images by means of the equipment's autotrace software function by the following formulas 21 : PI 5 (peak systolic velocity -end-diastolic velocity)/ mean velocity; and RI 5 (peak systolic velocity -enddiastolic velocity)/peak systolic velocity.
Contrast-Enhanced US
System settings were optimized for the contrastenhanced study with a mechanical index of 0.09, and the gain compensation was adjusted for each mammary tumor. The position of the transducer was maintained during the examination. The sulfur hexafluoride microbubble contrast agent SonoVue (Bracco SpA, Milan, Italy) was reconstituted by adding 5 mL of a 0.9% saline solution. The SonoVue was injected as a bolus (0.1 mL) through a tail vein catheter, followed by a 1-mL saline flush. The injection technique was carefully performed by the same researcher to avoid personal variations and produce acceptable and reproducible results. The perfusion process and dynamic enhancement of each mammary tumor were observed in real time and continuously recorded in the US apparatus immediately after intravenous injection of the contrast agent. Posteriorly, qualitative and quantitative analyses of contrastenhanced US videos were performed. The qualitative analysis included the following parameters: enhancement order (centripetal, from the periphery to the tumor center; or centrifugal, from the tumor center to the periphery), margin (blurred, tumor margin was not completely visible; or clear, tumor margin was completely visible), contrast distribution (homogeneous, the contrast agent was uniformly distributed in the tumor; or heterogeneous, the contrast agent was not uniformly distributed in the tumor), and penetrating vessels (absent, no blood vessels were observed inside the tumor; or present, blood vessels were observed inside the tumor). 22 The quantitative analysis was performed using the time-intensity curve analysis on the US apparatus. An ovoid region of interest was drawn in the most enhanced area of each mammary tumor, and the signal was immediately plotted and fitted by the following gamma variate function:
where t is the time; k is a constant scale factor, and A and B are parameters that define the shape of the curve.
The following parameters were determined: contrast agent arrival time, time to peak (defined as the time from the initiation of the injection to the point of maximum contrast intensity of the lesions from the baseline), peak intensity (maximum intensity), wash-in (upslope), wash-out (downslope), and area under the curve (AUC).
Statistical Analyses
Data were statistically analyzed with SPSS version 23 software (IBM Corporation, Armonk, NY). Continuous data were compared between MNU exercised and sedentary groups by an unpaired Student t test. Data from a qualitative analysis of contrast-enhanced US were analyzed by a v 2 test. Continuous data are expressed as mean 6 standard error, and P < .05 was considered statistically significant.
Results
General Findings
Nine animals died during the experimental protocol: 4 from the MNU sedentary group, 4 from the MNU exercised group, and 1 from the control sedentary group. The animals from the MNU sedentary group died 14, 30, 33, and 35 weeks after MNU administration. The animals from the MNU exercised group died 15, 17, 32, and 35 weeks after MNU administration. The animal from the control sedentary group died 10 weeks after saline administration. The high mortality index observed in the MNU-exposed groups was probably related to carcinogenesis (each animal developed more than 1 mammary tumor); the animal from the control group died suddenly, and the cause of death could not be found. Additionally, 1 animal from the MNU exercised group did not adapt to the exercise training and was excluded from the experiment. Consequently, the sizes of these experimental groups were reduced as follows: MNU sedentary (n 5 11), MNU exercised (n 5 10), and control sedentary (n 5 9). The size of the control exercised group remained as previously defined (n 5 10).
Mammary Tumor Development
The first mammary tumor was detected by palpation in the MNU sedentary and MNU exercised groups 10 and 12 weeks after MNU administration, respectively. At the end of the study, all animals from both MNU groups developed mammary tumors (incidence of 100%). A total of 51 mammary tumors were counted: 28 in the MNU sedentary group and 23 in the MNU exercised group. As expected, animals from the control groups (sedentary and exercised) did not develop any mammary tumors.
Mammary Tumor Vascularization
Due to their small size (mammary tumors < 1.0 cm were not analyzed), only 15 of 28 mammary tumors (54%) from the MNU sedentary group and 11 of 23 (48%) from the MNU exercised group were evaluated by contrast-enhanced US. All of them were histologically classified as malignant (mammary carcinomas), [18] [19] [20] according to the histologic classification previously established by Russo and Russo 23 for mammary tumors that are chemically induced in female rats. Additionally, mammary tumors from both groups were evaluated by immunohistochemistry. It was observed that mammary tumors from the MNU exercised group had higher immunoexpression of the prognostic marker estrogen receptor a, suggesting that these tumors were more highly differentiated and would respond better to hormone therapy (better prognosis). The mammary tumors from the MNU exercised groups also had higher immunoexpression of vascular endothelial growth factor A compared with mammary tumors from the sedentary group, suggesting that they were more vascularized. The RI and PI determined by the pulsed Doppler analysis of the mammary tumors were slightly higher in the MNU Data are presented as mean 6 SE. Statistically significant differences between groups were not found (P >.05).
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sedentary group compared with the MNU exercised group (P > .05; Table 1 and Figure 1 ). Concerning the qualitative evaluation of contrastenhanced US, in an overall view, most of the mammary tumors had centripetal enhancement (P < .05), clear margins, heterogeneous enhancement (P 5 .05), and the presence of penetrating vessels. In evaluations of each group independently, the enhancement order of the contrast agent was mainly centripetal in the MNU sedentary group (P < .05), whereas the number of mammary tumors with centripetal and centrifugal enhancement in the MNU exercised group were similar (P > .05). Although the difference did not reach the level of statistical significance (P > .05), it was also observed that most of the mammary tumors from the MNU sedentary group had a clear margin, whereas the number of mammary tumors with clear and blurred margins in the MNU exercised group was very similar (P > .05). Both homogeneous and heterogeneous contrast enhancement patterns were very frequent in the MNU sedentary group (P > .05), whereas the enhancement in the MNU exercised group was mostly heterogeneous (P < .05; Table 2 ).
In addition to the qualitative analysis, the contrastenhanced US study was quantitatively analyzed. Although statistically significant differences were not The results for the MNU sedentary group were previously published and are presented here to provide a better comparison with the results of this work. a Statistically significantly different from centrifugal enhancement order (P <.05). b Statistically significantly different from the MNU exercised group (P <.05). c Statistically significantly different from heterogeneous enhancement homogeneity (P <.05). d P 5.05 from heterogeneous enhancement homogeneity. found between groups (P > .05), some tendencies were observed; the arrival time and time to peak were slightly lower in the MNU exercised group compared with the MNU sedentary group, and the inverse was observed for the peak intensity, ascending slope (wash-in), and descending slope (wash-out). Unexpectedly, the AUC was very similar between groups (Table 1 and Figure 2 ).
Discussion
Breast cancer remains a great concern among female populations worldwide. Despite all of the research and advances in the field, the existing therapeutic approaches have devastating effects on patients and have sometimes proved unsuccessful (high rates of cancer metastasis, recurrence, and mortality). 24 These effects have motivated researchers to search for new therapeutic (alternative or adjuvant) approaches that can improve the quality of life and increase the lifespan of oncologic patients. As an attempt to contribute to this field and try to find new strategies to inhibit or at least decrease mammary tumor vascularization, this work aimed to evaluate the impact of lifestyle on mammary tumor vascularization. For this purpose, a well-recognized rat model of chemically induced mammary cancer was submitted to treadmill exercise training for a long period (35 weeks) , and the tumor vascularization was evaluated by contrast-enhanced US.
The vascularization of the mammary tumors used in this study was previously evaluated by thermography, US (power Doppler and B-flow modes), and immunohistochemistry using vascular endothelial growth factor A immunoexpression and quantification of microvessel density. Data from all techniques suggested higher vascularization of mammary tumors in the MNU exercised group compared with mammary tumors in the MNU sedentary one. 19, 20 Although immunohistochemistry and microvessel density analysis are considered reference standards for assessment of tumor vascularization, they are invasive techniques that can be performed only after excision of tumors and do not allow an evaluation of angiogenesis at different times throughout an experimental protocol. 25 Additionally, immunohistochemistry is not reproducible (because of distinct laboratory conditions, antibodies, and antigen retrieval), and the evaluation is relatively subjective, 2-dimensional, and not necessarily representative of vascularity throughout the entire sample. [4] [5] [6] [7] Due to these factors, evaluation of tumor angiogenesis by a noninvasive approach such as US is essential.
Despite quantification of mammary tumor vascularization by power Doppler and B-flow imaging, we also intended to better characterize it by calculation of the PI and RI using pulsed Doppler US. According to previous studies, the RI and PI may be indicators of malignancy. 26 Although no statistically significant differences were found, the RI and PI were slightly higher in the MNU sedentary group compared with the MNU exercised one. This finding can be explained by the practice of exercise training during a long period or by the higher grade of malignancy of mammary tumors in the MNU sedentary group compared with the MNU exercised group (animals in the MNU exercised group did not develop any mammary comedo carcinoma, which was the most aggressive lesion identified in this experimental protocol). 18 The mammary tumor vascularization was also quantified by contrast-enhanced US, which is considered more accurate for assessing tumor angiogenesis by increasing the detectable US signal from the blood pool. 27, 28 Microbubble-specific techniques allow imaging of vessels down to 50 to 100 lm in diameter. In addition, since microbubbles are vascular tracers, their passage through tissue can be quantified to generate timeintensity curves from which several functional indices, such as the arrival time, time to peak, peak intensity, wash-in, wash-out, and AUC, can be derived. 29, 30 Similarly to that observed in previous studies, [31] [32] [33] the mammary tumors from both groups had characteristics of malignant tumors: centripetal contrast enhancement, clear margins, heterogeneous enhancement, and the presence of penetrating vessels.
According to several researchers, malignant mammary tumors are more vascularized and have a lower arrival time and time to peak and higher peak intensity. Although all tumors in this study were malignant, as mentioned above, the grade of malignancy was lower in the MNU exercised group. In this way, lower vascularization was expected in tumors from the MNU exercised group and, consequently, a higher arrival time and time to peak and lower peak intensity. Surprisingly, the data from power Doppler imaging, B-flow imaging, and immunohistochemistry suggested higher vascularization of mammary tumors in the MNU exercised group compared with the MNU sedentary one, which explains the lower arrival time and time to peak, the higher peak intensity, and the faster wash-in and wash-out compared with tumors from the MNU sedentary group. According to previous studies, more vascularized tumors probably have more arteriovenous shunts and higher microvascular density, which contribute to faster arrival of the contrast agent to the tumor (arrival time) and to the peak (time to peak), a higher peak (peak intensity), and faster ascending (wash-in) and descending (wash-out) slopes. 32, 34, 35 Taking all data into account, a higher mean AUC was expected in MNU the exercised group; however, it was not observed.
In conclusion, we can say that the contrastenhanced US study did not detect differences in mammary tumor vascularization between MNU sedentary and MNU exercised groups that had been previously detected by power Doppler US, B-flow US, and immunohistochemistry. On also must take into account the fact that translation of the data obtained in experimental assays of mammary carcinogenesis using laboratory animals such as rats to humans should be done with caution because the vessels in rat mammary tumors could be smaller than those found in human mammary tumors.
